Aluminum recycling is an important activity that allows returning this metal to the market saving energy and resources. This activity generates slag and dross, both hazardous materials, which are recovered by other industries (tertiary sector). In that process, new wastes are produced, but most of them are disposed in security storage facilities because of their hazardousness and scarce marketable value. In Spain, the statistical data analysis on waste reveals that this sector is increasing every year. This study aims to characterize the wastes generated by the tertiary aluminum industries in Spain. Samples were collected in different aluminum recycling industries and characterized by chemical analyses, X-ray fluorescence, X-ray diffraction and particle size determination. Wastes rich in aluminum oxide and alkaline elements also comprise metallic aluminum and aluminum nitride. Such components are the main responsible for the waste hazardousness since they generate toxic gases in the presence of water. Besides, their fine granulometry (x50 < 30 µm) also contributes highly to the hazardousness.
Introduction
Aluminum is a product with growing consumption in most areas of everyday life such as transport, engineering, construction and packaging, due to its remarkable properties. The worldwide implementation of aluminum has
Current State

The Aluminum Recycling Industry in Spain
Spain has a large industrial aluminum sector, but very fragmented in many medium and small companies. Industries include primary production (being the third largest producer in Europe with 17% of total production in 2012) [9] as well as secondary production (more than 35% of total aluminum production), and waste recycling, where the best available techniques (BAT) for the non-ferrous metal industries are applied [10] [11] . The main industrial areas that perform the recovery and disposal of hazardous wastes from aluminum industry are mainly located in the north and centre of Spain, which are traditional areas of the metallurgical activities. Figure 1 indicates the main industrial sites where recovering and disposal activities are performed for hazardous wastes from aluminum industry in Spain (wastes are identified by the European Waste Catalogue (EWC) code, Table  1 ).
Legal Framework for Hazardous Wastes in the Aluminum Industry
The Spanish legal framework for hazardous wastes is based on the transposition of the Directive 2008/98/EC of the European Parliament on waste which indicates the following waste hierarchy: prevention, preparing for re- [12] . The Spanish Register of Emissions and Pollutant Source [13] provides information of hazardous wastes transfer for both recovery and disposal activities, being a useful source of the quantity of wastes generated by aluminum industries, due to the strong fragmentation and the lack of information provided by other sources or references. According to this register, the majority of hazardous wastes, in terms of transfer tons, are represented by the primary smelting slag (EWC 100304), salt slag from secondary smelting (EWC 100308), black dross from secondary smelting (EWC 100309) and other particulates and dust (including ball mill dust) containing hazardous substances (EWC 100321).
The evolution of total waste transfer (disposal and recovery) in tons per year during the period 2007-2012 in Spain has varied according to aluminum industry demand (Figure 2) .
As can be seen, primary smelting slag and salt slag from secondary production amounted to more than 100,000 tons per year. In general, from 2007 to 2009 there was a drop in the primary slag and salt slag transfer, Figure 2 . Total tons per year transferred by the main hazardous wastes in the aluminum industry in Spain. 100304: primary smelting slag; 100308: secondary smelting salt slag; 100309: secondary smelting black dross; 100321: particulates and dust, including ball mill dust (Official statistical data compiled from [13] ).
while from 2010 onwards a slight increase occurred in this transfer as well as in the aluminum manufacturing, showing the corresponding rise in the waste transfer. In 2012, the secondary industry suffered a strong growth crisis in comparison to the primary industry. This fact was clearly reflected by the similar quantities of waste transfer obtained. On the other hand, black dross from secondary smelting and other particulates (dust containing hazardous substances) were transferred less than 20,000 tons per year from secondary smelting. Figure 3 shows the quantity of hazardous waste per tons and year transferred in Spain during the same period, 2007-2012. As shown, primary production slag (100304) presented low recovery rates and its disposal into secure landfill was intense especially since 2009. On the other hand, salt slag smelting (100308) and black dross (100309) from secondary aluminum industry achieved high recovery rates over the period. In the case of other particulates (100321) recovery percentages were around 50% referred to the total transfer.
Regarding the fine powder coming from the bag filter suction systems used in the aluminum slag milling, it is considered as hazardous waste included in the EWC 100321 group. Nevertheless, this waste generated by the Spanish tertiary industry is not recovered. So, its disposal into secure landfill is the current option selected for its control, as a profitable recovery is not possible.
Experimental
Dried fine powder samples of a bulk of hazardous wastes from different Spanish tertiary aluminum industries were collected and kept into polyethylene bags. Samples come from the bag filter suction system of the aluminum slag milling process. Powders were labeled as Sx (x: 1 -11). Next, bulk samples (2 kg) were divided into eight representative samples by a Laborette 27, rotary cone sample divider. Representative samples were characterized as follows: Determination of particle size distribution was carried out using a Sympatec Helos 12LA by ultrasonic dispersion in isopropyl alcohol. Sample composition analysis was performed by X-ray fluorescence (XRF), using a wavelength dispersive X-ray fluorescence spectrometer (Bruker, S8 Tiger), with rhodium anode and 4 kW excitation power. Measurements were done on fusion disks prepared with lithium tetraborate and lithium metaborate at 60 kV and 170 mA tube setting and using crystals LiF (220), LiF (200), PET, and XS-55 as analyzer crystals. X-ray diffraction (XRD) was performed in order to determine the main crystal phases present in samples by means of a Bruker D8 Advance Diffractometer with CuKα radiation, with 2θ from 5˚ to 85˚, at a scan rate 2θ of 0.02˚, 5 s per step. Tube setting was 40 kV and 30 mA. Aluminum nitride content in hazardous wastes was analyzed by Kjeldhal method using an automatic steam distilling unit UDK 130 A by Velp Scientifica, and subsequent titration with 1 M HCl. The content of metallic aluminum was determined by treating samples with a 10% HCl solution to solve aluminum acid soluble compounds. Filtrate was analyzed by atomic absorption spectrometry (AAS) in a Varian Spectra model AA-220FS equipment. 
Results and Discussion
The particle size distribution for all investigated samples is shown in Table 2 . As can be seen, samples present a high percentage of fine particles. Cumulative size distributions calculated at 50% (x 50 ) indicate particle diameters less than 30 µm for most of the samples, except for S5. These small size samples allow that fraction of particles can be inhalated by humans or penetrate into airways is relatively high as the cumulative distribution indicates at 10% (x 10 ) [14] . Thus, it is observed that diameter sizes are around 2.5 µm in most cases, except for S5 sample which contains larger particle size not only for x 10 but also for all fractions. It is noticeable that the sample S11 exhibits the highest x 90 value but numbers for x 10 and x 50 are very low. Furthermore, no significant differences have been found when different plans locations are compared. In general, samples consisted of very fine grain size which contributes to their hazardousness but also to their workability and handling properties. The distribution of particle size, determined by laser diffraction, showed for the most of wastes a trimodal tendency. Several examples of the distribution density curves are collected in Figure 4 . Nevertheless, the sample S11 showed a quite different curve with a multimodal profile where peaks corresponding to small, medium and large size are appeared within a small range of distribution density, moreover, as above commented, this sample is the responsible for the grain size maximum value (164.0 µm) of Table 2 .
Concerning chemical composition, results from FRX are collected in Table 3 along with their statistical values: average value ( ̅ ) and standard deviation (σ). The major component ranging between 53 wt% -81 wt% corresponds to aluminum compounds which are expressed as Al 2 O 3 . Percentages lower than 10 wt% are obtained for other components, except for S5 where the highest contents of silica and sodium are found. Its high sodium content is attributable to the employ of high amounts of salt in the melting process to get a higher aluminum recovery; indeed, the Al 2 O 3 content is the lowest one in this sample. The high percentage of TiO 2 (>5 wt%) in samples S4 and S6 is noticeable and it may be associated with the different kinds of scrap used in secondary industry, and similarly, other metals (Fe, Cr, etc.). The more efficiency achieved in the scrap classification prior to melting process the lower the content of those metals in the waste. Minor metals such as copper, zirconium, manganese, lead, and chromium are grouped in column "others". The high values obtained for the standard deviation of the average composition reveal the high variability of the chemical composition of samples. The main environmental problem related to these wastes, come from the contents of aluminum nitride and metallic aluminum (also aluminum carbide). Their high reactivity with water or even humidity in air, leads to formation of toxic and explosive gases such as ammonia, hydrogen and methane [2] . Table 4 shows the contents of alumi- num nitride (calculated from the results of the determination of ammonia by Kjendhal method) and metallic aluminum in the wastes. A high variability in results is observed as showed by the high value of standard deviation for both parameters. Concerning AlN, the lowest value (1.4 wt%) is observed for S5 which is the sample with the highest content of salts and silica; and the highest value (23.6 wt%) corresponds to S6. Gil in his study about Spanish slags in the secondary industry pointed contents in Aluminum Nitride lower than 5% [15] . In this study, authors report higher contents of this compound in samples collected from tertiary industries in which slag is milled and the finest fraction is enriched in aluminum nitride and salts. Related to metallic aluminum contents, the highest value is obtained for S11. This sample also exhibits the highest x 90 value which could be attributable to its highest metallic aluminum content, because of its spherical particles hardly crushed in the milling process in comparison with oxidized phases and salts. From the aluminum nitride contents, the volume of ammonia gas, which can be generated by the wastes in presence of humidity, can be calculated by the reaction (1) [16] . Values range between 8 -129 Nm 3 per ton of waste as can be seen in the ( ) ( )
From the mineralogical point of view, wastes comprise a mixture of both amorphous and crystalline phases as observed in the complex X-ray diffraction patterns (Figure 6 ). The crystalline phases mainly consist of not-well defined peaks with variable intensity. They are assigned to corundum, aluminum nitride, metallic aluminum and spinel (aluminum phases), along with other phases as quartz, calcium carbonate and Na/K chloride. The ratio of these phases in the different samples is variable as a result of different factors such as scrap composition and the thermal treatment of slag, resulting in a high heterogeneity of the chemical composition of samples [2] [17] . The presence of high contents of salts in slag promotes the formation of a great number of tiny disordered phases in wastes, being S3 and S4 samples, those which present the most formation of this non-crystalline component. In this sense, peaks of sodium chloride (halite) with strong intensity are clearly observed in particular for all samples, except for S6 sample. Crystalline phases are mainly composed of not well defined peaks with variable intensities assigned to aluminum nitride, corundum and spinel. Quartz and calcium carbonate show low intensities. The specific thermal treatments received by the slag and the salt content explain differences between samples. Thus, slag produced at higher temperatures present their corundum and spinel phases with a better growth, as seen in S1, S2, S5 and S11. Peaks of iron oxide could not be unambiguously assigned and for samples with high content of TiO 2 , peaks corresponding to this compound were also poorly detected. The high background of all XRD patterns may inform about the existence of very low crystalline or amorphous compounds. On the other hand, no significant differences in composition have been observed when different locations were studied.
Conclusion
Hazardous wastes from Spanish tertiary aluminum industry were characterized. Wastes consisted of a heterogeneous blend of crystalline and non-crystalline phases, whose distribution depends on the thermal treatment of the slag, the saline content added during remelting process to recover the highest amount of aluminum, and the scrap composition from the secondary industry. In general, the content of aluminum (as oxide) represents more than 75% in weight, but the participation on it of aluminum nitride, metallic aluminum and corundum is very variable. The particle size of these wastes is relatively small, since 50% of grains are smaller than 30 µm of diameter. By their composition, these wastes could not be landfilled. Relatively high amounts of toxic gases (ammonia and hydrogen) can be evolved to atmosphere. Others processes that convert the nitride and aluminum metal content of these residues into value-added products are necessary for the profitability of this recycling sector.
